We present anisotropic transport and optical spectroscopy studies on EuCd2As2. The measurements reveal that EuCd2As2 is a low carrier density semimetal with moderate anisotropic resistivity ratio. The charge carriers experience very strong scattering from Eu magnetic moments, resulting in a Kondo-like increase of resistivity at low temperature. Below the antiferromagnetic transition temperature at TN = 9.5 K, the resistivity drops sharply due to the reduced scattering from the ordered Eu moments. Nevertheless, the anisotropic ratio of ρc/ρ ab keeps increasing, suggesting that the antiferromagnetic coupling is along the c-axis. The optical spectroscopy measurement further reveals, besides an overdamped reflectance plasma edge at low energy, a strong coupling between phonon and electronic continuum. Our study suggests that EuCd2As2 is a promising candidate displaying intriguing interplay among charge, magnetism and the underlying crystal lattice.
I. INTRODUCTION
Low-dimensional magnetic systems have been a subject of considerable theoretical and experimental studies in condensed matter physics. A large variety of interesting physical phenomena, such as high temperature superconductivity [1] [2] [3] and colossal magnetoresistance 4 , have been observed in such systems. Due to the complex coupling among charge, spin and lattice degrees of freedoms in those systems, a subtle change of an external parameter (e.g. temperature, magnetic field or pressure) may result in a dramatic change of the physical properties. Among different low-dimensional electronic systems, the so-called AB 2 X 2 (122) compounds with ThCr 2 Si 2 5,6 structure have been extensively studied since the discovery of Fe-based superconductors in K-doped BaFe 2 As 2 7 . The structure is also well known to host many other intriguing quantum electronic states, such as heavy fermions 8, 9 and quantum criticality [10] [11] [12] . ThCr 2 Si 2 has the tetragonal structure and belongs to the I4/nmm space group. In this structure, the B 2 X 2 layers, which are separated by A site ions, are composed of an edge-sharing network of BX 4 tetrahedra. AB 2 X 2 has a related but much less studied CaAl 2 Si 2 -type structure 13 . This is also a layered structure with the B 2 X 2 -layers separated by A site ions. Different from ThCr 2 Si 2 , CaAl 2 Si 2 has a trigonal structure with a P 3m1 space group. Cations within each layer (ab-plane) have a triangle lattice, as shown in Fig. 1 . Prominent examples are the prototype itself CaAl 2 Si 2 or oxide sulfides like Ce 2 O 2 S 14 . The latter compounds have widely been investigated as luminescent materials. In recent years, several europium and ytterbium containing ternary pnictides with CaAl 2 Si 2 -type structure have been synthesized and studied due to their promising magnetic or thermoelectric properties [15] [16] [17] [18] . In particular, a recent study on the EuCd 2 As 2 compound revealed an antiferromagnetic order with T N =9.5 K in such a triangular lattice 18 . The effective magnetic moment derived from magnetization measurement is 7.88 µ B , which is very close to the theoretical value of 7.94 µ B for a free Eu 2+ ion 18 . Therefore, the magnetic moments come from the Eu sites with an electronic configuration of 4f 7 . Notably, although the compound shows an antiferromagnetic order at low temperature, a positive Curie-Weiss temperature was obtained from the study of magnetic susceptibility and the Mössbauer spectroscopy 17, 18 , indicating the presence of ferromagnetic fluctuation above T N . At present, little is known about its physical properties, except for the magnetic susceptibility and Eu magnetic moments. Since Cd has an electron configuration of 4d 10 5s 2 and As has a configuration of 4s 2 4p 3 , the compound could be either a semiconductor or a semimetal depending on the ionic states of Cd and As. Assuming that Cd and As elements in EuCd 2 As 2 have ideal ionic states of Cd 2+ and As 3− , meaning that the 5s orbital of Cd is completely empty and the 4p orbital of As is completely filled, then the compound would be a semiconductor. On the other hand, if the Cd and As do not have the above ideal valence states, that is, 5s orbital of Cd is not completely empty and the 4p orbital of As is not fully filled, the compound would be a semimetal with small and compensated electron and hole carrier densities. Thus it would be of high interest to investigate its electronic properties and to elaborate possible interplay between charge transport and the magnetism formed by the Eu sublattice.
In this work we present anisotropic transport and optical spectroscopy studies on EuCd 2 As 2 . The compound shows metallic transport property with moderate anisotropic ratio. At low temperature, the conducting carriers suffer strong scattering from the Eu magnetic moments, resulting in a Kondo-like increase of resistivity. Below T N , the resistivity drops sharply due to the reduced scattering from the ordered state of Eu moments. Nevertheless, the anisotropic ratio of ρ c /ρ ab keeps increasing, suggesting that the antiferromagnetic coupling is along the c-axis. We also identified a very large negative magnetoresistance at low temperature. The optical spectroscopy measurement reveals that EuCd 2 As 2 has a small plasma frequency with an overdamped shape of reflectance edge, yielding further evidence that the compound is a low carrier density semimetal with very strong scattering effect. In the far-infrared spectra, we observed two infrared-active phonons superimposed in the electronic background. One of them shows a strong asymmetric line-shape, indicating a strong coupling between phonon and electronic continuum. Our measurements suggest that EuCd 2 As 2 is a promising candidate displaying intriguing interplay between magnetism, charge and the underlying crystal lattice.
II. EXPERIMENTS
The EuCd 2 As 2 single crystals were grown using the flux method as described in an earlier report 18 . The obtained crystals have triangular and plate-like shape. They were characterized by both powder and single crystal X-ray diffractions, and pure CaAl 2 Si 2 structure phase was confirmed. Figure 2 shows the c-axis X-ray diffraction pattern for a crystal. Only sharp (0 0 l) diffraction lines are present. The in-plane resistivity ρ ab and out-ofplane resistivity ρ c were measured and calculated by the Montgomery method 19, 20 . The optical reflectance measurements were performed on a combination of Bruker IFS 80v/s and 113 v spectrometers in the frequency range from 30 to 40000 cm −1 . An in situ gold and aluminum overcoating technique was used to get the reflectivity R(ω). The real part of conductivity σ 1 (ω) is obtained by the Kramers-Kronig transformation of R(ω) employing an extrapolation method with X-ray atomic scattering functions 21 . This new Kramers-Kronig transformation method is proved to be more effective and unambiguous in deriving and analyzing the optical constants. 
III. ANISOTROPIC RESISTIVITY
Figure 3 (a) shows the temperature dependent in-plane and out-of-plane resistivity ρ ab and ρ c . At high temperature, the in-plane resistivity ρ ab has a positive slope, showing typical metallic behavior. On the contrary, at low temperature ρ ab increases dramatically to a maximum at T N = 9.5 K. The out-of-plane resistivity ρ c nearly shows the same behavior as ρ ab and a moderate anisotropic ratio (4 ∼ 6) is observed above T N . The Kondo-like increase of resistivity should be ascribed to the strong scattering of conducting carriers from the Eu magnetic moments. The overall metallic transport suggests the presence of free carrier contribution to the conductivity. Considering the valence balance or charge neutrality, the compound should be a semimetal with small and compensated electron and hole carrier densities. The electron pocket should come from a Cd 5s orbital since it is not completely empty, while the hole pocket should originate from an As 4p orbital as it is not fully filled. The conclusion is supported by optical spectroscopy measurement, as we shall present in the next section.
Below AFM transition T N , both ρ ab and ρ c drop sharply. This is due to the reduced scattering from the ordered state of Eu moments. Nevertheless, the anisotropic ratio of ρ c /ρ ab keeps increasing, as seen in Fig. 3 (b) . The observation suggests that the carriers experience stronger scattering in the c-axis in the ordered state. The result can be easily understood if we assume that the Eu moments are parallel to the c-axis, and are ferromagnetic ordered within the ab-plane but antiferromagnetic coupled along the c-axis. On this basis, the compound should have a so-called A-type antiferromagnetic structure in the ordered state, as displayed in the inset of Fig.  3 (b) . Of course, the true magnetic structure should be determined by future neutron diffraction measurement.
We also performed anisotropic resistivity measurement on the sample under high magnetic field. The in-plane resitivity ρ ab , the c-axis resistivity ρ c , as well as the anisotropic ratio γ ρ = ρ c /ρ ab under a magnetic field of 9 T with B c-axis are shown as dashed lines in Fig. 3 (a) and (b), respectively. The resistivity has lower values relative to the zero magnetic field, i.e. a negative magnetoresistance is present. In particular at low temperature, e. g. near 9 K, the drop of resistance is up to 80%, which implies a giant negative magnetoresistance effect. The effect is similar to that observed in TiTeI
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which shares the same space group with EuCd 2 As 2 . Furthermore, no anomaly associated with the AFM transition T N is observed. As it is known from the magnetic susceptibility measurement, the magnetization from Eu moments is saturated when the field is higher than 1 T 18 . In our measurement at a field of 9 T, all the Eu moments should be aligned along the field direction (c-axis), the conducting carriers experience scattering from ferromagnetic ordered Eu moments in both directions, therefore no peak structure is present and the anisotropic ratio is roughly in a range of ρ c /ρ ab =3∼4. Figure 4 shows the temperature dependent in-plane optical reflectivity R(ω) (a) and real part of optical conductivity σ 1 (ω) (b) of EuCd 2 As 2 . The reflectivity R(ω) shows a plasma edge below 350 cm −1 and approaches unity at low frequency. Both the temperature and frequency dependent optical response indicates clearly a metallic response. The edge frequency, also referred to as the "screened" plasma frequency, is related to the carrier density n and effective mass m * of free carriers by ω 2 p ∝ n/m * . The unusual low value of this frequency suggests a very small conducting carrier density. As temperature decreases, the edge frequency moves slightly to higher energy. We notice that R(ω) decreases continuously with frequency, so that the shape of the plasma edge is not well-defined. Such over-damped behavior also reflects the fact that the charge carriers experience very strong scattering from the magnetic moments. At 6 K and 12 K, R(ω) of the low frequency range are suppressed to lower values. As a consequence, a weak suppression is also seen in σ 1 (ω) at low frequencies. The behavior of σ 1 (ω) at low frequency range slightly differs from the Drude response of free carriers. This difference is also likely to be caused by the strong scattering of magnetic moments at low temperature which makes free carriers prone to be localized. The behavior is similar to the effect of weak Anderson localization but the underlying mechanism is different. The magnetic scattering, or Kondo physics, should be dominant physical reason. In the frequency range from 1000 cm −1 to 10000 cm −1 , the R(ω) is nearly independent of temperature and frequency [inset of Fig. 4(a) ]. It is worth mentioning that the oscillations below 100 cm −1 are likely due to the interference between light beams from cracked layers of the sample and do not influence the main results we discuss here.
IV. IN-PLANE OPTICAL RESPONSE
Two prominent phonon absorptions at ∼ 86cm −1 (labeled as α) and ∼ 167cm −1 (labeled as β) are seen in R(ω) and σ 1 (ω) at all temperatures. A simple group symmetry analysis 23 indicates that the EuCd 2 As 2 should have four infrared(IR)-active modes of [2A 2u + 2E u ] and two E u modes can be observed by in-plane optical measurement. Indeed, this is the case in our in-plane infrared measurement. As temperature decreases, the α−phonon shifts very slightly to higher energy and becomes sharper. Meantime, the β-phonon's line shape shows a strong asymmetry at low temperature, which results in a dip structure just above the phonon's center-frequency. This is a typical Fano lineshape resulting from the strong coupling of phonon mode with the electronic continuum of excitations 24 . The asymmetric Fano lineshape of phonons is also observed in many other compounds such as Bi 2 Se 3 25 , FeSi 26, 27 , and even graphene 28, 29 . To better and quantitatively understand the above results we decompose the optical conductivity spectra into different components using a Drude-Lorentz analysis. The dielectric function has the form
where ∞ is the dielectric constant at high energy, and the middle and last term are the Drude and Lorentz components. The real part of conductivity for each Drude and Lorentz component has, respectively, the formula,
and
Usually, a phonon can also be fit with the Lorentz model, such as the α−phonon. However, the line shape of the β-phonon is strongly asymmetric at low temperature and cannot be fit well with the Lorentz model. Then, we employ an asymmetric Fano-lineshape model 24, 25 ,
as a function of reduced energy = (ω − ω 0 )/Γ. The added parameter q=-1/tan(Θ/2) determines the asymmetry of lineshape and can be considered as a measure of the degree of electron-phonon coupling. When Θ is larger, the coupling is stronger. By contrast the Lorentz line shape is recovered when Θ = 0 or equivalently, |q| → ∞. The sign of Θ sets the direction of asymmetry. Therefore, the total real part of conductivity can be written as
where the summation index i refers to the i th Lorentz component if more than one Lorentz components are employed.
As shown in Fig. 5 , the main phonon peaks (insets) and conductivity spectrum at 300 K can be well reproduced by Eq. (5). Besides a Drude component and two phonon modes at low frequencies, extra Lorentz components are added to reflect the high energy interband transitions. In Fig. 5 , a temperature-independent Lorentz component with parameters of ω 1 =2600 cm −1 , Ω 1 =5700 cm −1 and Γ 1 =6800 cm −1 is also displayed. Its central frequency is beyond the frequency range of the horizontal axis. While at T = 6 K the spectrum below 60 cm −1 only crudely matches with the fit results because of the invalidation of Drude model due to the too strong magnetic scattering. The fit parameters for the Drude component and two phonon modes are presented in Table. I. We find that the plasma frequency ω p is only around 1000 cm −1 . The very small value yields clear evidence that the compound is a very low carrier density metal. Taking the charge neutrality into account, the compound should be a low carrier density semimetal.
It deserves to remark that the asymmetric β-phonon mode shows interesting temperature evolution. At high temperature above 100 K, the phonon mode is almost symmetric and the phonon peak can be fit with a Lorentz lineshape or Fano model with Θ value being set to zero. At low temperature when the scattering between free carriers and local moments becomes strong, the Θ value is non-zero and becomes larger. The data seem to imply that the enhancement of electron-lattice coupling is also related to the strength of magnetic fluctuation or ordering of the compound. Our measurements suggest that EuCd 2 As 2 is a promising candidate for exploration of intriguing interplay among charge, magnetism and the underlying crystal lattice.
Finally we wish to comment that the layered triangle lattices, together with associated electronic and magnetic properties, are of high interest in the condensed matter community. The spin-orbit-coupled rare earth triangular lattice magnetic systems have recently attracted much attention. For example, the ytterbium-based layered compound YbMgGaO 4 , where the rare earth magnetic ions Yb 3+ form a perfect triangular lattice, was found to be disordered down to the lowest measurable temperature 60 mK 31 . It was suggested to be a U(1) quantum spin liquid with a spinon Fermi surface 31, 32 . The layered family ReCd 3 Pn 3 (Re=Ce and rare earth elements, Pn=P, As) with rare earth elements Re also forming a triangular lattice were found to host either disordered spin liquid or antiferromagnetic orders at different temperatures 32, 33 . The ReCd 3 Pn 3 family has the space group P63/mmc, which resembles in many aspects to the crystal structure studied in the present work. It is expected that by choosing different rare earth ions at the Ca site and other elements at Al and Si sites in the CaAl 2 Si 2 -type structure, more interesting magnetic and electronic properties could be found in this structural family. We hope that the present work could inspire further studies on this and related compounds in this structure family.
V. CONCLUSION
To conclude, we present anisotropic transport and optical spectroscopy studies on EuCd 2 As 2 . The compound shows metallic transport property with moderate anisotropic ratio. At low temperature, the conducting carriers suffer strong scattering from the Eu magnetic moments, resulting in a Kondo-like increase of resistivity. Below T N , the resistivity drops sharply due to the reduced scattering from the ordered Eu moments. However, the anisotropic ratio of ρ c /ρ ab keeps increasing, suggesting that the antiferromagnetic coupling is along the c-axis. The optical spectroscopy measurement reveals that EuCd 2 As 2 has a small plasma frequency with an overdamped shape of reflectance edge, yielding further evidence that the compound is a low carrier density semimetal with strong carrier scattering effect. Two infrared-active phonons superimposed in the electronic background are observed in the far-infrared spectra. One of them shows a typical Fano line-shape, indicating a strong coupling between phonon and electronic continuum. The work establishes EuCd 2 As 2 as an interesting material displaying coupling among different degrees of freedoms. We hope this work will stimulate further studies on rare earth element based triangular lattice magnetic systems.
